Previous reports have shown that gap junctions relay cell death in many cell types. However, changes in electrical coupling and their dynamics during cell death are poorly understood. We performed comprehensive studies of electrical coupling following induction of cell death by single-cell cytochrome c (cyC) injection in paired Xenopus oocytes. Cell death was rapidly induced by cyC in injected cells, and cell death was also observed in uninjected bystander cells electrically coupled to the cyC-injected oocytes. Gap junction currents either remained at pre-cyC injection levels or increased dramatically as the injected cell died. Nonjunctional currents increased in injected cells immediately following cyC injection; nonjunctional currents increased slowly in uninjected bystander cells. Bystander cell death occurred only when junctional conductance was B6 lS. Both 1,2-bis-(o-aminophenoxy)-ethane-N,N,-N 0 ,N 0 -tetraacetic acid tetraacetoxy-methyl ester and Xestospongin C inhibited bystander cell death in pairs that had reached the death conductance threshold, suggesting that Ca 2 þ and inositol 1,4,5 triphosphate are involved in the process.
Introduction
Throughout the nervous system, many classes of neurons undergo apoptosis, or programmed cell death. Numerous mechanisms trigger this process both in the course of normal development and in a broad range of pathological conditions. [1] [2] [3] We previously reported that gap junctional communication performs a novel role in the intercellular propagation of naturally occurring developmental cell death 4 and there is strong evidence that gap junctions mediate the spread of cell death in experimentally induced apoptosis. 5, 6 These studies represent examples of an unusual, but not uncommon phenomenon known as the 'bystander effect'. The term was introduced by Freeman et al. 7 to describe the findings observed during gene therapy for primary brain tumors. In that study, the thymidine kinase gene from herpes simplex virus was used in combination with the nucleoside analog, gancylovir, thereby enzymatically converting the nontoxic prodrug into a lethal compound that inhibited the growth of gene-transfected cells. Owing to the low efficacy of viral vectors, only a fraction of the tumor mass contained the viral gene, but it had induced cell death throughout the tumor. In brief, the therapeutically destructive effect induced in the successfully transfected cells had spread to 'bystanders', that is, to cells throughout the tumor that otherwise would be expected to survive and multiply. There is strong evidence, both from in vitro and in vivo studies, that the bystander effect is mediated via the gap junctions formed by the connexins expressed in tumor cells. [8] [9] [10] [11] [12] Gap junction channels are intercellular communication pathways formed by a multigene family of homologous proteins known as connexins. Six connexin polypeptides oligomerize to form a membrane hemichannel or connexon, which docks with a connexon from an adjacent cell to create an aqueous pore (dE1.6 nm) that bridges the B3 nm intercellular 'gap'. Once formed, the gap junctional channel allows the cell-to-cell diffusion of ions, second-messenger molecules, metabolites, and small peptides having a molecular mass r1 kDa. [13] [14] [15] Clearly, proapoptotic factors such as Ca 2 þ and reactive oxygen species can readily pass through gap junction channels to exert their effects on neighboring cells, whereas the molecular size of proteins directly involved in the apoptotic pathway, for example, cyC, Apaf-1, and the caspases, preclude their passage through these intercellular channels.
Intrinsic changes in both the intracellular and extracellular environment act to open or close gap junction channels, and thus modulate overall junctional permeability and ionic conductance. This dynamic aspect may affect the vulnerability of neighboring cells to toxic agents and be of paramount importance in determining the rate and extent of the spread of cell death. Results obtained from the study of glioma cell lines undergoing bystander killing indicate that cell death is Cell Death and Differentiation (2006) 13, [1707] [1708] [1709] [1710] [1711] [1712] [1713] [1714] accompanied by a deregulation of intracellular calcium, 16 and gap junction permeant dyes have been used to show that dye spread continues between dying cells and healthy neighbors in epithelial cell lines, 17 as well as in cerebral cortex following ischemia. 16 Although these studies suggest that gap junctional communication persists during cellular injury, relatively little is known of how gap junctions react to the dramatic intracellular changes that occur during cell death. Thus, it is unclear as to whether there are significant changes in junctional conductance during the process of cell death and which molecules and signaling pathways are potentially involved in communicating the death signal to bystanders.
The results of the present study demonstrate that electrical coupling between pairs of Xenopus laevis oocytes was retained following induction of cell death in one cell, that it persisted until the cell had degenerated, and that in many cases the intercellular conductance increased. Moreover, death of the bystander cell also occurred, which was inhibited by 1,2-bis-(o-aminophenoxy)-ethane-N,N,-N 0 ,N 0 -tetraacetic acid tetraacetoxy-methyl ester (BAPTA-AM), a cell permeant Ca 2 þ chelator, and Xestospongin C, an inositol 1,4,5 triphosphate (IP 3 ) receptor inhibitor, suggesting that Ca 2 þ is a mediator of bystander cell death.
Results

Cytochrome c injection induces both primary and bystander cell death
In order to study bystander killing, one cell of an electrically coupled pair of oocytes from X. laevis was induced to die by injection of cytochrome c (cyC). cyC-induced cell death has been demonstrated in multiple cell types, 18, 19 and the technique has proven useful in studies of bystander cell death. [4] [5] [6] In the Xenopus oocyte, intracellular injection of cyC leads to the rapid activation of caspases, changes in pigmentation, and a progressive loss of resting membrane potential. 20 In a series of control experiments in which oocytes were injected with the antisense nucleotide to Cx38 and placed in contact at their vegetal poles, every oocyte injected with cyC died over the course of B1-2 h (n ¼ 9), but since gap junctions failed to form, the neighboring cell remained intact throughout the day. These experiments show not only that intercellular communication is required for bystander cell death, but also that in these circumstances, the extrusion of potentially toxic substances from the dying cell did not cause the death of its neighbor.
An example of cyC-induced cell death is illustrated by the paired cells in Figure 1 , which shows the disruption of structural integrity (Figure 1a-d) and the progressive loss of membrane potential (Figure 1e ) that occur both in injected cells and in the cells to which they are electrically coupled. Prior to the introduction of cyC, cells appeared healthy and uniformly pigmented despite removal of their follicular and vitelline membranes, and having been impaled by a microinjection pipette (cell at right in Figure 1a ). Within 20-30 min after injection (Figure 1b) , the injected cell showed a loss of pigmentation at the animal pole and began to swell. At 60 min, the swelling had increased (Figure 1c) , and after 90-120 min (Figure 1d ), the membrane of the injected cell became disorganized and showed some out-pocketing; at the same time, pigmentary changes appeared in the coupled cell. The time course of cell death varied in cyC-injected cells, with some undergoing complete degeneration rapidly (o1 h), while others appeared relatively intact for as long as 2 h. It is not clear what accounts for this variability, although differences in cell size and corresponding differences in cyC concentration may be a factor. Nevertheless, the rapid time course of cell death following direct microinjection of cyC is comparable to that observed in previous studies. For example, injection of only 10 mM cyC in Xenopus oocytes produced cell death in more than 40% of the cells in less than 2 h. 20 Since we injected 14-28 mM cyC, it is not surprising to find that cells were dying within 1-2 h postinjection. Moreover, a previous study showed that 20 mM cyC induced apoptosis in a wide range of different cell types (e.g., clone 8 fibroblasts, IPC-81, Swiss 3T3 fibroblasts, NRK, HEK293, Y1, H295), and that apoptotic changes were seen in a large fraction of each cell line 1 h after injection. 18 Rapid onset of cell death following cyC loading has also been observed in tissue. Cusato et al. 4 reported that both caspase 3 cleavage and nuclear pyknosis occurred in the retinal explants within 1 h following cyC scrapeloading or single-cell microinjection. Clearly, our results are in line with these observations.
The changes in membrane potential that accompanied the apoptotic process were also variable, but typically the loss of potential occurred rapidly in the injected cell, whereas it began after a brief lag and progressed more gradually in the uninjected (bystander) cell (Figure 1e ). However, it should be noted that not all cell pairs exhibited bystander cell death. Although cell death occurred in every cell of an electrically coupled pair that was injected with cyC (n ¼ 15), only about 50% of the uninjected cells of the pairs displayed pigment loss and structural changes. As described below, this seeming inconsistency appears to result from variability in junctional conductance displayed by the various cell pairs during the time frame over which the membrane integrity of the injected cell was lost.
Gap junctions remain open during cell death
To examine intercellular communication during bystander cell killing, gap junction currents were recorded from paired oocytes using a dual-cell two-electrode voltage clamp paradigm ( Figure 2a ) before and after microinjection of cyC into one cell of the electrically coupled pair. An example of the current traces recorded from the two cells at selected time points before and after cyC injection (Figure 2b ) shows that the gap junctional and total current (sum of junctional and nonjunctional currents) responses to hyperpolarizing voltage pulses increased in both cells over a 90 min time course. The gap junctional current increased to a maximum at B70 min postinjection, after which the junctional current decreased. The current necessary to hold the cyC-injected cell at À40 mV was B0.0064 mA before cyC injection (À10 min), whereas postinjection, the holding current was À0.391 mA at 50 min, and À0.185 mA at 90 min. This is in contrast to the gap junctional current, which peaked at about 70 min and declined thereafter, indicating that the increase in junctional current was not simply a function of the cyC-injected cell becoming more 'leaky' (Figure 2b ). This pattern of recovery of the holding current in the injected cell did not occur in all pairs; in many cases the holding current became larger until the cell could not be voltage clamped. The uninjected cell displayed a slow change in the holding current, starting at À0.0025 mA (À10 min), then dropped slowly to À0.034 mA (50 min) and finally to À0.074 mA (90 min), indicating that it too had become more 'leaky. ' The current recordings enabled us to calculate both the junctional (G j ¼ I j /V j ) and nonjunctional (G nj ¼ (I total ÀI j )/V j ) conductances, where G j is the gap junctional conductance and G nj the nonjunctional conductance. For the cell pair in Figure 2b , the cyC-injected cell showed large increases in nonjuctional conductance, but the corresponding changes in the uninjected cell were small by comparison (Figure 3a) . Thus, the increase in gap junction current accounts for the majority of the increased total current in the uninjected cell in response to the voltage pulse (Figure 2b ). This relationship was consistent whether the bystander cell died or not, and was also apparent following vehicle injections (not shown). It is likely that the nonjunctional conductance in the uninjected cell would have increased as the cell died, but we were unable to voltage clamp the cyC-injected cell beyond 90 min, and therefore were unable to confirm this. Between recordings, the cells were not voltage clamped, which allowed us to follow the resting membrane potentials as cell death ensued. Figure 1e shows the membrane potential for the pair of cells described in Figures 2 and 3 . Despite the fact that the nonjunctional conductances were much larger in the cyCinjected cell, the changes in membrane potential were similar in the injected and uninjected cells. Clearly, the cyC-injected cell was able to partially maintain its membrane potential despite its decreased input resistance.
Calculating the input resistance (1/G total ¼ 1/(G nj þ G j )) (total conductance (G total )) as a function of time (Figure 3b ; n ¼ 4) showed that there was a loss of input resistance in both cells, with the minimum resistance of the injected cell reaching Figure 2 Gap junctional coupling measurements. (a) Protocol for dual cell twoelectrode voltage clamp studies. Cells were held at À40 mV and stepped to À60 mV for 1 s. The downward deflection of the stepped cell is the total current (G total ), which is the sum of the junctional current (G j ) and nonjunctional current (G nj ). The upward deflection in the follower cell is the current that has passed from one cell to the other via gap junctions (G j ). (b) Current recordings from a pair of cells in which one cell was injected with cyC at t ¼ 0 min. The G j and G nj in the cyC-injected cell (I cyC) increase as the cell dies. The bystander cell also undergoes an increase in G j equal to that of the cyC-injected cell (I B), but the increase in G nj is less pronounced. Bottom two traces show the timing of the voltage pulses to each cell, which were 1 s in duration and 10 s apart B0.050 MO. Despite this low resistance, it appears that the junction was still voltage clamped. The fact that the nonjunctional conductance peaked before the G j (Figure 3a) is a good indication that the junctional conductance cannot be an artefact of the increased nonjunctional conductance.
When we compared the responses of oocyte pairs (n ¼ 15) to cyC injection by plotting the temporal changes in junctional conductance, it was apparent that the cells fell into three categories (Figure 4a-c) . Some pairs showed large, rapid increases in gap junctional coupling, with the maximum conductance ranging between 9 and 14 mS (Figure 4a) , others had intermediate, slower increases with maxima between 5 and 7 mS (Figure 4b) , and some showed relatively small changes, with a maximum conductance of o3 mS (Figure 4c) . The changes seen in the last group were only slightly greater than those obtained for pairs of cells which had been previously injected with the antisense oligonucleotide to Cx38 (Figure 4d ), which effectively suppressed the formation of gap junctions. It should be noted that a loss of coupling from pre-cyC injection levels was never observed until the injected Figure 3 (a) Changes in G nj in a bystander and cyC-cell across time compared to the changes in G j between the cells, following cyC injection at t ¼ 0 min (same pair of cells shown in Figure 2b) . G j and G nj increase at different rates and peak at different times indicating that the increase in G j is not an artefact of the increase in cell was losing membrane potential or lost structural integrity. Oocyte pairs always maintained or increased their junctional conductance during death of the injected cell. Some pairs exhibited small increases in current prior to cyC injection, but when this occurred, there was a further increase following cyC injection, and the rate of increase accelerated (Figure 4a and  b) . Following vehicle injection (intracellular solution lacking cyC), current increases were modest, with less than a twofold change in conductance (Figure 4e ).
Gap junctional conductance relates directly to bystander cell death
By determining the maximum G j of each pair, and its relation to the survival or death of the uninjected cell, it became apparent that the level of conductance was an important predictor of the outcome ( Figure 5 ). For pairs in which the maximum conductance was less than 3 mS, all uninjected (bystander) cells survived. In pairs that exhibited conductances in excess of B10 mS, the bystander cell always died. However, of the five pairs in which the junctional conductance reached an intermediate conductance level (B5-7 mS), three of the bystander cells died, and two survived. It appears that oocyte pairs must reach a threshold of junctional conductance (B6 mS) for evidence of bystander cell death. It should be noted that in all but one case, the pairs had less than threshold conductance prior to cyC injection, and in more than half of the cells studied, the conductance increase was sufficient to enable the cyC-injected cell to transmit a death signal to its coupled neighbor.
Ca 2 þ plays a role in bystander cell killing
To test whether elevation in cytoplasmic [Ca 2 þ ] i plays a role in bystander cell death, cells were incubated in the membrane permeant Ca 2 þ chelator, BAPTA-AM (100 nM or 10 mM), for 1 h. An increase in G j was observed following BAPTA-AM treatment (Figure 6a and b) . Cells were then injected with cyC as in previous experiments and cell death was observed. Based on the findings shown in Figure 5 , we considered 6 mS as the conductance threshold for bystander cell death, and therefore, only pairs which reached this threshold before, during, or after BAPTA-AM incubation were considered in the analysis. Cell pairs that were not above the 6 mS threshold at the time of cyC injection were followed through the course of cell death to determine the final conductance maximum (data not shown). As shown in Figure 6c , incubation in BAPTA-AM led to a dose-dependent rescue of bystander cells; 100 nM rescued only one out of the six pairs that reached threshold, whereas 10 mM rescued four out of five pairs. To determine whether Ca 2 þ release from internal stores plays a role in bystander cell death, we used Xestospongin C, an inhibitor of IP 3 receptors. 21 In all pairs treated with Xestospongin C that reached bystander cell death threshold (n ¼ 4), the bystander cell was rescued, indicating that IP 3 is an important mediator of this phenomenon (Figure 6c ). Xestospongin C slightly Figure 5 Maximum G j reached by each pair of cells from Figure 4 (a-c) plotted against the outcome of the bystander cell (death or survival). The maximum conductance was highly correlated with bystander cell death, with a threshold where the outcome could go either way around 5-6 mS. Pairs with higher G j always underwent bystander cell death while pairs with lower G j never did Figure 6 Pharmacological studies of the role of Ca 2 þ in bystander cell death. Pairs were incubated in BAPTA-AM or Xestospongin C for 1 h and washed out with modified Barth's solution. Both 100 nM (a) and 10 mM (b) BAPTA-AM increase G j . Bar above x-axis indicates the time of BAPTA-AM incubation. (c) Inhibition of bystander cell death by BAPTA-AM and Xestospongin C. After washout with MB, cells were injected with cyC, and their coupling was followed if they were below the 6 mS threshold. There is a dose-dependent response for BAPTA-AM. The number of pairs for each condition is indicated within the bar graph. Each experiment was replicated in multiple dishes. Bystander cells were considered 'rescued' if bystander cell death did not occur despite maximum conductance over 6 mS decreased junctional conductance, but this effect was minimal (data not shown).
Discussion
This is the first study to measure directly the dynamic changes in G j between cells undergoing apoptosis and the cells to which they are electrically coupled. As we have shown, the introduction of cyC into one oocyte of a pair expressing the cell's endogenous connexin (Cx38) induces cell death in its neighbor, the bystander cell. The dying cells underwent swelling, and displayed an irregular mottled pattern of pigmentation and blistering at the animal pole (Figure 1a-d) . Although apoptotic cells death is often associated with cell shrinkage owing to disruption of cytoplasmic structures, ion extrusion, DNA degradation, and nuclear fragmentation, it was shown that, in many of the cell lines tested, the early signs of cell death following microinjection of cyC consisted of plasma membrane budding, surface protrusions, and ultimately disruption of the cell membrane. 18 The cell swelling seen in the present experiments appears to be even more pronounced, but it is important to recall that a requirement for the formation of gap junctional channels in paired oocytes is removal of both the follicular and vitelline membranes. Both membranes provide structural support for the cell, and serve as ionic barriers. In their absence, the gross intracellular changes associated with apoptosis probably induce an ionic imbalance that causes an influx of water and a resultant cell swelling.
Particularly noteworthy is the finding that for the uninjected cell to exhibit bystander cell death, it appears that, at least in oocytes, a threshold of conductance must be reached for the lethal agent to exert its effect ( Figure 5 ). The lack of a conductance increase in apposed cells injected with antisense oligonucleotides to the endogenous connexin of Xenopus oocytes demonstrates that the cyC-induced conductance increase occurs only in the presence of Cx38, and therefore must require gap junctional coupling for transmission of apoptotic signals.
Also of interest is the observation that gap junctions remain open during cell death. As we have shown (Figure 2b ), current recordings from electrically coupled cells before and after microinjection of cyC into one cell show that the gap junctional and total current (sum of junctional and nonjunctional currents) responses to hyperpolarizing voltage pulses increased in both cells over a 90 min time course, reaching a maximum at B70 min postinjection. Only after the cells became uncoupled was there a precipitous drop in nonjunctional conductance. Moreover, the data clearly show that a threshold of conductance is necessary to kill the bystander cell; if the conductance did not reach this critical value (B6 mS) the coupled cell survived ( Figure 5 ). The dose-response relationship between electrical coupling and bystander cell death is the clearest evidence obtained thus far that open gap junction channels mediate the spread of cell death. Although cell death occurred in every cell of an electrically coupled pair that was injected with cyC (n ¼ 15), only about 50% of the uninjected cells displayed evidence of apoptosis. Some of this seeming inconsistency appears to result from the variability in junctional conductance displayed by the various cell pairs during the time frame over which the membrane integrity of the injected cell was lost. While it is evident that cyC served as the death-inducing vehicle in the injected cell, it cannot account for death of the uninjected cell, since the molecular mass of cyC (12.3 kDa) is too large to pass through the gap junctional pores. Although the death signal was passed intercellularly, the nature of the toxic agent was not identified unequivocally. Nevertheless, the fact that agents which bind Ca 2 þ (BAPTA) or suppress its release from IP 3 -sensitive intracellular stores (Xestospongin C) serve to inhibit cell death ( Figure 6 ) suggests that transfer of Ca 2 þ or IP 3 , both of which are gap junction permeant, 22 may be a contributing factor. Previous studies have shown that gap junction mediated cell death occurs in many cell types in response to different death-inducing stimuli. 5, 8, 11, 16, 23 Dye-transfer between cells has been reported during cell death 17 and has been shown to decrease during ischemia, 16, 24 but the dynamics of gap junctional coupling during cell death have not been studied previously.
Cotrina et al. 24 examined currents from single astrocytes in cortical slices and suggested that the difference in currents between cells on the surface of the slice, which were not dyecoupled, and those deeper in the slice that were dye-coupled could be attributed to gap junctional currents. This indirect measure of gap junctional coupling was shown to decrease during ischemia, but some current was retained. These results are in contrast with the studies presented here which show an increase in both G j between cells and G nj in dying cells. However, it is possible that the cells they were recording from were not undergoing cell death or directly coupled to dying cells as they did not establish cell death in the individual cells they were recording from. Rather, the cells may be responding to changes in their extracellular environment, which may result from the necrosis of neighboring but uncoupled cells. Alternatively, the type of death stimulus or cell type-specific responses may account for these disparate results.
There is considerable evidence that intercellular communication through gap junction channels may not only be detrimental but may also be beneficial to survival of surrounding cells (the Good Samaritan effect). 25 Studies on heterozygous Cx43 þ /À mice have revealed that the reduction of expression of this astrocytic gap junction protein by 50% results in larger infarct volume of lesions but smaller astrogliosis 4 days after cerebral artery occlusion. 26 Moreover, myocardial infarcts are smaller in Cx43 þ /À mice 8 days and 10 weeks after coronary occlusion 27 and Cx43 null osteoblasts showed higher camptothecin-induced apoptosis. 28 Mild, nonlethal oxidative and thermal stress have been shown to increase both dye coupling and the recycling of connexin proteins to the membrane, 29 suggesting that coupling may increase in disease conditions in which cells are under oxidative or metabolic stress. Increasing coupling may allow metabolic cooperation or diffusion of toxic metabolites across the volume of multiple cells, with the possible effect of rescuing the initial cell from dying, but also with the potential to kill the coupled cells.
In sum, the present study is the first to provide a quantitative assessment of the relation between junctional conductance and gap junction-mediated cell death. The results show that gap junctions remain open during cell death, that gap junctiondependent bystander cell death occurs, and that intercellular transmission or mobilization of Ca 2 þ is probably a significant factor in the death of bystander cells.
Materials and Methods
Oocyte isolation and preparation
All experimental procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and conformed to the guidelines for the Care and Use of Laboratory Animals established by the Animal Care Committee of the UIC College of Medicine. Methods for oocyte preparation and electrophysiological recording have been described previously. 30 Briefly, oocytes were removed from gravid X. laevis females (Xenopus One, Dexter, MI, USA), and defolliculated by incubation in a calcium-free modified Barth's (MB) solution containing collagenase (2.5 mg/ml) for 2 h under constant agitation. Stage V-VI oocytes were selected, and stored at 151C in MB containing (in mM) NaCl 88, KCl 1, NaHCO 3 2.4, N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES) 15, Ca(NO 3 ) 2 0.33, CaCl 2 0.40, glucose 5, and MgSO 4 0.82; 10 mg/l gentamycin was added, and the solution titrated with NaOH to pH 7.6. All chemicals were purchased from Sigma, St Louis, MO, USA, with the exception of gentamycin, which was from Gibco/BRL-Invitrogen, Carlsbad, CA, USA.
To suppress the activity of gap junctional channels formed by the endogenous connexin (Cx38) of Xenopus oocytes, 31 the oocytes were injected with 46 nl of an aqueous solution containing 10 ng of an antisense oligomer to nucleotides 128-151 of the coding region of Cx38 (5 0 CTG ACT GCT CGT CTG TCC ACA CAG-3 0 ) using a Nanoject II oocyte injector (Drummond, Broomall, PA, USA). The oocytes were stripped of their vitelline membranes in a hypertonic solution, 32 placed on the concave surface of cylindrical Teflon channels that were adherent to the base of a 35 mm culture dish, and paired at their vegetal poles for 24-48 h before electrophysiological study.
Cytochrome c-induced cell death
The use of cyC to induce cell death is now a relatively common procedure, [4] [5] [6] 19, 20, 33 and provides a convenient means to circumvent the need for various extracellular signaling molecules that activate membrane receptors of the death domain family. Cytoplasmic cyC is an important component of the apoptotic cascade, and its release from mitochondria precedes exposure of phosphatidylserine, the loss of plasma membrane integrity, and other indices of apoptosis. 34, 35 More importantly, the intracellular machinery of apoptosis is bypassed when cyC is introduced intracellularly, whereupon it forms a complex (the so-called apoptosome) with Apaf-1, procaspase-9 and dATP. The resultant cleavage and activation of caspase 9 leads, in turn, to the activation of downstream executioner caspases (e.g., caspase 3) that cause DNA damage, disruption of cytoskeletal proteins and the stereotypical changes that characterize apoptotic cell death. 33 In the present study, every cell injected with cyC (n ¼ 450) initially showed signs of cell death within a short period (o30 min), while 1-2 h were required for complete degeneration following the injection.
Electrical recordings
A dual, two electrode voltage clamp paradigm was used to record junctional currents in oocyte pairs. 36, 37 Microelectrodes (thin-wall, 1.2 mm outside diameter, WPI, Sarasota, FL, USA) were drawn on a vertical puller (Narashige, Tokyo, Japan) to a resistance of 0.7-1.5 MO when filled with 3 M KCl, and connected to the input stages of two GeneClamp 500B amplifiers (Axon Instruments, Foster City, CA, USA). The voltage clamp was under computer control through a Digidata 1322A interface (Axon), and voltage protocols were provided by a Master Eight stimulator (AMPI, Jerusalem, Israel) through programs generated in pClamp 8 software (Axon). To quantitate junctional conductance (G j ), the two cells were clamped initially at À40 mV, close to their resting potential, and transjunctional current measurements were obtained in response to 20 mV hyperpolarizing pulses of 1 s duration applied alternately to the two cells with a delay of 10 s; the paired pulses were delivered at 30 s intervals. Under these conditions, the current supplied by the clamp to the follower cell provides a measure of the junctional current, and the junctional conductance is then readily calculated by dividing the junctional current by the transjunctional potential. Junctional currents were measured two or three times to obtain baseline data before one oocyte of the pair was injected with 173 ng of cyC (Sigma) in a volume of 46 nl to induce cell death. Oocyte volume estimates range from B500 nl 38 to 1 ml, 20 which would put the final intracellular concentration of cyC (MW ¼ 12,327) in the range of 14-28 mM. The voltage step protocols were run for approximately two minutes at 10 min intervals until the cells could no longer be voltage clamped. Gap junctional currents were measured from at least four individual episodes at each time point after the current had reached steady state, and the junctional conductance was calculated from the mean current of the four episodes. All G j s shown were calculated from current measurements in the noninjected cell during voltage pulses delivered to the cyC-injected cell. G j , nonjunctional conductance, and input resistance were calculated in Microsoft Excel, and graphs were prepared in Sigma Plot 2000 or Origin 6.0 (Microcal Inc. Northhampton, MA, USA).
Pharmacological studies
A series of control experiments were conducted initially to determine the effect of the calcium chelator BAPTA-AM on the induction of cell death by cyC. When single (unpaired) cells were injected with cyC following a 1 h incubation in the presence or absence of 10 mM BAPTA-AM (n ¼ 5 per condition), cell death occurred in all of the injected cells, and the loss of membrane potential proceeded along the same time course; vehicleinjected cells did not die in either condition. The results of these preliminary studies indicate that chelation of Ca 2 þ does not induce or interfere with cyC -induced cell death, nor does it render cells more susceptible to the insult of injection.
With cell pairs, baseline G j was measured prior to drug treatment to ensure electrical coupling, and the paired cells were loaded for 1 h with BAPTA-AM (100 nM or 10 mM) in a solution containing 90 mM KCl, 1 mM EGTA, and 5 mM HEPES, adjusted to pH 7.5 with KOH. After washout with MB, gap junctional currents were again measured, and one cell was injected with cyC to induce cell death. In related experiments, cells were incubated for 30 min in 1 mM Xestospongin C (Sigma) and junctional currents were measured prior to and following cyC injection.
